Computational methods have been developed to model the effects of constrained or restricted amplitude uniaxial rotational diffusion (URD) on saturation transfer electron paramagnetic resonance (ST-EPR) signals observed from nitroxide spin labels. These methods, which have been developed to model the global rotational motion of intrinsic membrane proteins that can interact with the cytoskeleton or other peripheral proteins, are an extension of previous work that described computationally efficient algorithms for calculating ST-EPR spectra for unconstrained URD (Hustedt and Beth, 1995, Biophys. J. 69:1409 -1423. Calculations are presented that demonstrate the dependence of the ST-EPR signal (VЈ 2 ) on the width (⌬) of a square-well potential as a function of the microwave frequency, the correlation time for URD, and the orientation of the spin-label with respect to the URD axis. At a correlation time of 10 s, the VЈ 2 signal is very sensitive to ⌬ in the range from 0 to 60°, marginally sensitive from 60°to 90°, and insensitive beyond 90°. Sensitivity to ⌬ depends on the correlation time for URD with higher sensitivity to large values of ⌬ at the shorter correlation times, on the microwave frequency, and on the orientation of the spin-label relative to the URD axis. The computational algorithm has been incorporated into a global nonlinear least-squares analysis approach, based upon the Marquardt-Levenberg method (Blackman et al., 2001, Biophys. J. 81:3363-3376). This has permitted determination of the correlation time for URD and the width of the square-well potential by automated fitting of experimental ST-EPR data sets obtained from a spin-labeled membrane protein and provided a new automated method for analysis of data obtained from any system that exhibits restricted amplitude URD.
INTRODUCTION
Cell membranes contain a heterogeneous mixture of lipids and proteins in a bilayer configuration where the intrinsic membrane proteins are present at remarkably high local concentrations. In this crowded two-dimensional fluid environment, the intrinsic membrane proteins that traverse the lipid bilayer can interact to form hetero-and homo-oligomeric complexes (Ryan, 1988) . Some integral membrane proteins also interact with cytoskeletal proteins or other peripheral membrane proteins to form supramolecular assemblies that can impart unique properties to the membrane or serve as sites for localization of proteins into functional complexes (Luna and Hill, 1992) . Unfortunately, in many cases, it has been difficult to elucidate either the oligomeric state of intrinsic membrane proteins or the nature and extent of their interactions with cytoskeletal or peripheral membrane proteins in situ. Consequently, it has also been difficult to accurately determine how the oligomeric state, or other protein-protein interactions, modulates the function of integral membrane proteins.
Classical approaches such as chemical cross-linking (e.g., Staros and Kakkad, 1983) , detergent solubilization and estimation of molecular weight of stable assembled complexes (e.g., Casey and Reithmeier, 1991) , radiation inactivation and target size analysis (e.g., Cuppoletti et al., 1985) , and direct visualization by freeze fracture electron microscopy (e.g., Weinstein et al., 1978) have all contributed to current models of assembly of membrane proteins in the human erythrocyte and in many other cell and subcellular organelle membranes. Despite their general applicability and widespread utilization, each of these methods has limitations that can preclude unambiguous assignment of oligomeric state(s) under native conditions, particularly the dynamic aspects of the interactions. Moreover, these methods do not generally provide direct evidence of the extent or dynamics of interactions with cytoskeletal or peripheral membrane proteins in the intact, fluid membrane.
Various optical and electron paramagnetic resonance (EPR) methods have been developed and used to measure the global rotational dynamics of membrane proteins to gain direct insight into the sizes of the protein complexes and hence the oligomeric state of the protein in situ (Cherry, 1981 (Cherry, , 1992 Beth and Robinson, 1989) . Due to the anisotropic nature and the high viscosity of the lipid bilayer, the global rotational diffusion of integral membrane proteins has been modeled as uniaxial rotational diffusion (URD) about the membrane normal axis with the rotational diffusion coefficient, D ʈ , being inversely proportional to the cross-sectional area of the integral membrane domain in the plane of the bilayer (Saffman and Delbrück, 1975; Jähnig, 1979) . Rotational diffusion rates for integral membrane proteins are on the order of 10 5 s Ϫ1 or slower. To study dynamics on this time scale, optical spectroscopic techniques that use exogenous molecular probes with long-lived triplet states, such as time-resolved phosphorescence anisotropy decay, time-resolved delayed fluorescence anisotropy decay, or time-resolved absorption anisotropy decay, have been developed. Collectively, these methods will be referred to as time-resolved optical anisotropy (TOA) techniques. Various covalent reacting derivatives of eosin and erythrosin, which exhibit appreciable intersystem crossing rates to the triplet state upon photo excitation, have proven to be well suited as exogenous optical probes for measuring the global rotational diffusion of integral membrane proteins (Cherry, 1981 (Cherry, , 1992 ).
An alternative, complementary approach for measuring the very slow global rotational motions of membrane proteins is saturation transfer electron paramagnetic resonance (ST-EPR). ST-EPR, first described by Hyde and Dalton (1972) , uses an exogenous, chemically stable nitroxide spinlabel to detect the competition between rotational dynamics and spin lattice relaxation (T 1e ) in the presence of a partially saturating microwave observer field. For a wide range of spin-labeled proteins, the intrinsic T 1e is on the order of microseconds, and it has been shown both experimentally (Thomas et al., 1976) and theoretically (Thomas et al., 1976; Robinson and Dalton, 1980; Beth et al., 1983; Hustedt and Beth, 1995) that ST-EPR signals are highly sensitive to rotational correlation times in the microsecond to millisecond time window ( ϭ 1/(6D) where D is the rotational diffusion coefficient). Therefore, TOA and ST-EPR are complementary techniques that are sensitive to motions in the same time window.
Both TOA and ST-EPR have the potential to provide direct information on the oligomeric state of proteins in their native membrane, the distribution of different sized species, and the extent of interactions with other proteins via restrictions in the amplitudes of rotational motions (see Wahl, 1975; Robinson and Dalton, 1980; Cherry 1981; Szabo, 1984; Beth and Robinson, 1989) . To fully interpret the results of either TOA or ST-EPR studies of the global rotational mobility of integral membrane proteins, it is necessary to consider the effect on the experimental data of the rotational diffusion rate, the orientation of the probe relative to the URD axis, the uniqueness of this orientation, the presence of a restriction on the amplitude of URD, and the presence of a distribution of oligomeric species or multiple species with different degrees of restriction on URD.
Previous work has led to theoretical predictions for the TOA decay of a triplet probe bound to an integral membrane protein undergoing unrestricted URD. Specifically, biexponential decays are predicted with decay times proportional to 1/D ʈ and 1/(4D ʈ ), where D ʈ is the rotational diffusion rate (Cherry, 1981) . The amplitudes of the two exponential decays and the nonzero value of the residual anisotropy at infinite time, r ϱ , depend on the orientation of the absorption and emission dipoles to the URD axis. The effect of a restrictive potential on TOA decays has been developed for both a square well and a harmonic well (Wahl, 1975; Szabo, 1984) . The results are essentially independent of the shape of the potential for equal root-meansquare angular deviations. The potential has little effect on the exponential decay times in comparison to unrestricted URD, but has a large effect on the amplitudes of the decay terms and r ϱ . Assuming that the lifetimes of individual oligomeric species are long in comparison with their rates of rotational diffusion, then the results of TOA experiments will be the sum of the contributions from the different-sized species that are present. In general, the amplitude of the decay terms in a TOA experiment will depend on the orientation of the optical probe, the mole fraction of the particular experimental species, and the width of a restrictive potential if one is present. Determining the contributions of these three factors to the amplitudes of the multiexponential anisotropy decay based upon TOA data alone has proven challenging for studies of intrinsic membrane proteins in their native membranes (Blackman et al., 1996) . In this work, and in Blackman et al. (2001) , it is shown that ST-EPR can provide a means of obtaining additional data that potentially can be used to quantify these factors.
ST-EPR spectra depend in a complex way on the uniaxial rotational diffusion rate and the orientation of the nitroxide A-and g-tensors with respect to the membrane normal axis (see Beth and Robinson, 1989; Hustedt and Beth, 1995) . ST-EPR spectroscopy requires the use of nonlinear microwave and Zeeman modulation fields for high sensitivity to the correlation time for rotational motion (Hyde and Dalton, 1972; 1979) . The intrinsic T 1e (which is analogous to the triplet lifetime in optical experiments), the microwave frequency, and the Zeeman modulation frequency all determine the range of correlation times to which the experiment is sensitive (see Beth and Robinson, 1989) . The latter two factors are under experimental control, and the use of multiple microwave and Zeeman modulation frequencies allows multiple "snapshots" of the rotational dynamics to be taken (Beth and Robinson, 1989) . To date, the use of ST-EPR to study rotational dynamics of membrane proteins has been hampered by the paucity of computational tools for determining the effects on ST-EPR lineshapes of the rotational diffusion rate, probe orientation, and restrictions on the amplitude of rotational motions.
Empirical parametric methods for qualitatively estimating rotational correlation times from experimental ST-EPR spectra have been reported and used in a wide range of studies (see Thomas et al., 1976; Johnson and Hyde, 1981) . However, quantitative analysis requires best-fit simulation of the experimental spectrum to extract rotational dynamics information, particularly in the case of anisotropic rotational diffusion (Robinson and Dalton, 1980; Hustedt et al., 1993; Hustedt and Beth, 1995) . Algorithms have been developed for the simulation of ST-EPR spectra for general anisotropic rotational diffusion (Robinson and Dalton, 1980) and for an unconstrained URD model that include the effects of rotational correlation time, probe orientation, microwave frequency and amplitude, and modulation frequency and amplitude (Hustedt and Beth, 1995) .
We have now extended the algorithms for simulating the ST-EPR spectra of integral membrane proteins undergoing URD to include the effect of a square-well restriction on the amplitude of rotation. Model calculations define the sensitivity of ST-EPR to the amplitude of URD and how this sensitivity varies as a function of spin-label orientation, microwave frequency, and the correlation time for URD. These algorithms are used in Blackman et al. (2001) to resolve what have been longstanding apparent discrepancies in the results obtained from TOA and ST-EPR experiments on band 3. In particular, trypsin cleavage of the link between the transmembrane and cytoplasmic domains of band 3, which should remove any restriction on URD for that population of band 3 that interacts with the cytoskeleton, has a large effect on TOA decays with no observable change in ST-EPR spectra. Based on the work presented here, a model including the distribution of oligomeric species of band 3 in the membrane and a measure of the flexibility of the cytoplasmic domain of band 3 is developed that is consistent with both TOA and ST-EPR data (Blackman et al., 2001) . The algorithm reported in this work is completely general, and, therefore, it should be applicable to analyzing ST-EPR data obtained from any spin-labeled macromolecule undergoing restricted amplitude URD. The current studies extend previous work by Howard et al. (1993) where an algorithm was developed to treat the case of motion in a cone under the assumption of axially symmetric magnetic tensors. Though the use of axially symmetric magnetic tensors precluded the use of this algorithm for direct analysis of experimental data, the calculations of Howard et al. (1993) established sensitivity limits of ST-EPR for detection of restricted amplitude motion for the model considered. The rotation in a cone model used by Howard et al. (1993) is specifically applicable to the study of the wobbling motion of spin-labeled lipids in a bilayer or the rotational motion of spin-labeled myosin head groups. The URD model presented in this work is specifically relevant to the study of large integral membrane proteins. Portions of the current work have been published in an abstract (Hustedt et al., 2000) .
METHODS

Analysis of ST-EPR spectra
The method used to calculate the ST-EPR spectra of a nitroxide spin-label undergoing URD in a square-well potential follows directly from the method used previously for unrestricted URD (Hustedt and Beth, 1995) . A set of Bloch equations describing the dynamics of the nitroxide spin magnetization in an orientation-and time-dependent magnetic field is used (McCalley et al., 1972; Thomas and McConnell, 1974) ,
where M ជ (⍀(t), t) is the spin magnetization vector, ⍀(t) is the variable describing the random fluctuations of the nitroxide orientation, ⌫ R is a phenomenological operator describing spin relaxation processes, and ⌫ ⍀ is the rotational diffusion operator. The time-and orientation-dependent magnetic field is given by
where ␥ e is the gyromagnetic ratio of the electron. h 1 is the microwave field stength, h m is the Zeeman modulation field amplitude, m is the Zeeman modulation frequency, and
is the difference between the microwave frequency, 0 , and the orientation-dependent resonant frequency of the electron coupled to a nitrogen nucleus in spin state m i . ␤ ⑀ is the Bohr magneton, H 0 is the applied DC magnetic field, and g eff and A eff are determined from the nitroxide orientation and the principal elements of the g-and A-tensors, respectively, as described in detail previously (Hustedt and Beth, 1995) . Pseudosecular terms in the spin Hamiltonian are not rigorously treated in this approach, but are instead incorporated into the A eff term. Although this approximation can lead to errors in calculations at correlation times that are moderate to short on the linear EPR time scale (McCalley et al., 1972) , it appears to not have a significant effect on the calculation of ST-EPR spectra at correlation times of 1 s or longer (Hustedt and Beth, 1995) . For unconstrained URD, the rotational diffusion operator is given by
where D ʈ is the rotational diffusion coefficient. Unrestricted URD was previously modeled using a transition rate formalism (Thomas and McConnell, 1974) in which the diffusion is treated as random jumps between adjacent sites on an equally spaced, discrete grid in the angle ,
so that
where ϭ D ʈ (N Ϫ 1) 2 /4 2 and M ជ n , is the magnetization vector corresponding to the orientation n . URD in a square well of width ⌬ is modeled as random jumps between equally spaced sites on an angular grid between 0 Ϫ ⌬ /2 and 0 ϩ ⌬ /2 using reflective boundary conditions,
The center of the square well, 0 , is random; so diffusion is modeled for a number of different values of 0 , and the final simulation is obtained by summing over this additional index (see Eqs. 20 and 21 in Hustedt and Beth, 1995) . For a value of ⌬ in degrees,
are approximate minimum values required for convergence The details concerning the construction and solution of the set of steady-state equations that are obtained from Eq. 1 to yield the VЈ 2 ST-EPR signal are given in Hustedt and Beth (1995) . Overmodulation effects have been approximated in the current work. The magnetization is expanded as a Fourier series at harmonics of the Zeeman modulation frequency. The effects of overmodulation, which is routinely used in ST-EPR spectroscopy, are determined by back coupling of the signals at the (j ϩ 1)th harmonic of the modulation frequency to those at the jth harmonic. In the previous work of Hustedt and Beth (1995) , two different algorithms were developed to treat overmodulation. In algorithm I, the back-coupling terms were treated explicitly and the Fourier series was truncated at the third or fourth harmonic. Using algorithm II, significant reductions in computation time are achieved by neglecting these back-coupling terms and by truncating the calculation at the second harmonic. As has been previously shown by Robinson (1983) , Zeeman overmodulation effects can be reliably approximated using effective electron relaxation times, T 1e eff and T 2e eff , where the effective values are functions of the true relaxation times, the modulation amplitude, and the microwave frequency. Previous analysis of ST-EPR data has shown that this approximation does not significantly alter the or probe orientation determined for an unconstrained URD model when compared with calculations that explicitly include Zeeman overmodulation terms (Hustedt and Beth, 1995) . All of the calculations in this work were performed for a 15 N-nitroxide. The adaptation of the algorithm to calculate line shapes for the naturally abundant 14 N-nitroxide is straightforward. Line-shape calculations were carried out on a DEC ␣21164 600 MHz processor (Microway) running the Windows NT operating system. Each calculation required on the order of 30 min of cpu time. Copies of the algorithm developed in this work that run under Windows NT or under UNIX will be made available upon request. Figure 1 shows X-, Q-, and W-band VЈ 2 ST-EPR spectra (solid lines; top, middle, bottom) that were calculated using an unconstrained URD model at correlation times of 10 s and 1 ms (arrows). These spectra show the dramatic lineshape changes that occur with increasing correlation time, particularly at the higher microwave frequencies. The total integrated signal amplitude (dashed lines) also depends on the correlation time with a monotonic increase in magnitude as increases throughout the microsecond-to-millisecond time window (Squier and Thomas, 1986) . The ST-EPR spectrum of a sample containing two or more different oligomeric species will be the sum of the spectra of the individual components assuming that conversion between the different oligomeric states takes place on a time scale of milliseconds or longer. It is clear from these calculations that larger oligomeric species, with longer correlation times, will contribute disproportionately to the observed spectrum. The variation in the total integrated amplitude with correlation time is itself a function of microwave frequency. As a result, the simultaneous analysis of ST-EPR data collected at multiple microwave frequencies provides an excellent opportunity for identifying and quantifying multiple oligomeric species (Beth and Robinson, 1989) .
RESULTS
Overlaid on the simulations for the unconstrained URD model in Fig. 1 are simulations performed for constrained URD at a correlation time of 10 s and ⌬ ϭ 1°or ⌬ ϭ 360°( dotted lines). As expected, the simulations for ⌬ ϭ 360°a re nearly identical to the simulations for the unconstrained URD model for the same correlation time, 10 s, at all three microwave frequencies. The simulations calculated for ⌬ ϭ 1°and ϭ 10 s are virtually identical to those calculated for the unconstrained model for ϭ 1 ms, demonstrating that the slow-motion limit for ST-EPR spectroscopy can be approached either by having a long correlation time ( ϳ 1 ms) or by having a severely restricted amplitude of motion at a much faster correlation time. Figure 2 shows calculated VЈ 2 ST-EPR spectra that demonstrate the sensitivity of this signal to the restriction on URD at X-, Q-, and W-band microwave frequencies at one spinlabel orientation (ϭ 30°, ϭ 0°; top, middle, bottom). For the case of a square-well potential and a single diffusing species exhibiting a correlation time of 10 s, it is apparent that the VЈ 2 signal changes dramatically between ⌬ ϭ 1°and 30°, less dramatically between 30°and 60°, and only very subtly between 60°and 90°. The spectra are essentially unchanged for values of ⌬ between 90 and 360°(data not shown). There is a subtle increase in sensitivity to large values of ⌬ at the higher microwave frequencies (Q-and W-bands) relative to X-band. However, the increase is rather modest, as demonstrated by comparing the paramaterized X-and Q-band data shown in Figs. 3 and 4 . The model calculations shown in Fig. 2 demonstrate that ST-EPR is very sensitive to restricted amplitude URD, with a correlation time of 10 s, when ⌬ is in the 0 to 60°range but remarkably insensitive to weaker restrictions.
Effects of restricted amplitude URD on ST-EPR spectra
A critical consideration in establishing the overall sensitivity of ST-EPR to restricted amplitude URD is the orientation of the spin-label with respect to the diffusion axis (see Fig. 2 , upper, for the definition of reference frame). Spectral sensitivity for selected spin-label orientations relative to the URD axis are defined as a function of ⌬ in Fig. 3 . In constructing Fig. 3 , the ratios of spectral amplitudes at defined field positions (see Fig. 2 ), that have previously been shown to be sensitive to rotational dynamics in the VЈ 2 signal (see Thomas et al., 1976; Johnson and Hyde, 1981; Beth and Robinson, 1989) , have been used to illustrate the conclusions drawn from a large number of calculated spec-tra. The ratio parameter data that are plotted in Fig. 3 show that the magnitude of spectral change as a function of the width of the square-well potential depends critically upon the orientation of the spin-label with respect to the URD axis.
To a first approximation, sensitivity of the VЈ 2 signal to rotational motion is proportional to the magnitude of change in the resonance condition that results from the reorientation (i.e., ͉ѨH res /Ѩ⍀͉ where ⍀ defines the orientation of the spin-label reference frame with respect to the external magnetic field; Thomas and McConnell, 1974; Beth and Robinson, 1989 ). The quantity ͉ѨH res /Ѩ⍀͉ varies in a continuous fashion with field position, from zero when the external magnetic field is parallel to one of the three principal axes of the spin label (principal axis system for the spin label is defined in Fig. 2) to the maximum value at some intermediate orientation that is a function of the A-and g-tensors and the external field strength. From this simplified description, the sensitivity of the VЈ 2 signal to different spin-label orientations can be rationalized.
At X-band, the ratios HЉ/H and LЉ/L, and, at Q-band, the ratio EЈ/E are sensitive to rotational motions about any vector in the x/y plane of the spin label (see Fig. 2 , upper; Beth et al., 1981; Johnson et al., 1982) . Hence, high sensitivity to ⌬ is obtained for ϭ 90°and ϭ 0°, where the nitroxide x axis is parallel to the diffusion axis, with these ratio parameters as shown in Fig. 3 (solid squares) . AЈ/A is sensitive to motions about the spin-label z axis. Hence, high sensitivity to ⌬ is obtained for ϭ 0°and ϭ 0°, where the nitroxide z axis is parallel to the diffusion axis, with this ratio parameter as shown in Fig. 3, lower (solid diamonds) . Although the magnitude of change of the various ratio parameters depends both on spin-label orientation and on microwave frequency, little change in any of these ratios is seen for values of ⌬ greater than 60 -90°regardless of the orientation or the frequency. These same conclusions apply to parameterized data calculated at W-band (data not shown).
The magnitude of spectral change as a function of ⌬ also depends upon the correlation time for URD as shown in Fig.  4 . For the spin-label orientation model chosen ( ϭ 90°, ϭ 0°; Fig. 2) , the largest changes in ratio parameters as a function of ⌬ (and hence, the largest changes in overall spectral line shapes) are observed at a correlation time of 1 s (solid squares). At this correlation time, measurable changes in the LЉ/L ratio parameter are observed all the way from 0 to 180°. Reasonably large changes are seen at a correlation time of 10 s (solid circles) out to approxi-FIGURE 1 Comparison of VЈ 2 ST-EPR spectra of a 15 N nitroxide at X-, Q-, and W-band microwave frequencies for unconstrained and constrained URD models. Each panel shows calculated spectra (solid lines) for an unconstrained URD model using ϭ 1 ms (see arrows) and ϭ 10 s together with spectra (superimposed dotted lines) calculated for a constrained URD model using ϭ 10 s and ⌬ ϭ 1°or ⌬ ϭ 360°. The dashed lines show the integrated total intensity of the spectra calculated for the unconstrained model. The spectra calculated for ϭ 1 ms (unconstrained model) or ϭ 10 s and ⌬ ϭ 1°(constrained model, dotted lines) exhibit larger total integrated intensity than those calculated for ϭ 10 s (unconstrained model) or ϭ 10 s and ⌬ ϭ 360°. All spectra were calculated at 50-kHz Zeeman field modulation frequency, ϭ 30°, and ϭ 0°, T 1e eff ϭ 5 s, and T 2e eff ϭ 50 ns. A microwave observer field of 0.2 Gauss in the rotating frame was used in all calculations. mately 60°. However, spectral changes are only observed out to values of ⌬ of 25°at a correlation time of 100 s (solid triangles). When the correlation time is on the order of 1 ms, the VЈ 2 signal is approaching its slow-motion limit, and there is no sensitivity to ⌬ regardless of spin-label orientation or microwave frequency (data not shown). These calculations show that sensitivity to ⌬ depends heavily upon the correlation time for URD. Figure 5 shows a comparison of ratio parameters calculated at X-band for three different URD models. The open circles define the range of variation of LЉ/L and HЉ/H as a function of ⌬ from 0 to 360°for a constrained URD model with ϭ 90°, ϭ 0°, and ϭ 1 s. The closed squares define the range of LЉ/L and HЉ/H as a function of for an unconstrained URD model with ϭ 0°and ϭ 0°, whereas the closed circles define the range of LЉ/L and HЉ/H as a function of for an unconstrained URD model with ϭ 90°and ϭ 0°. These calculations demonstrate that the ratio parameters, and hence, the spectral line shapes, vary over approximately the same range for vastly different motional models. Therefore, it will not ordinarily be possible to discriminate between motional models nor to extract unique values for the correlation time and the width of a potential by analyzing the line shape from a single measurement. When complex motional models are being evaluated, the importance of combining data obtained at multiple Zeeman field modulation frequencies (Hustedt and Beth, 1995) and multiple microwave frequencies (Blackman et al., 2001 ) cannot be overemphasized.
DISCUSSION
Saturation transfer EPR was initially developed as an experimental approach to extend the range of sensitivity of conventional EPR into the microsecond-to-millisecond rotational correlation time window (Hyde and Dalton, 1972) . A significant motivation behind the development of ST-EPR was the desire to measure the rotational dynamics of large proteins and their assemblies, including integral membrane proteins, to determine the nature and extent of protein-protein interactions. Early work demonstrated the sensitivity of the second-harmonic out-of-phase absorption signal, recorded under conditions of a partially saturating microwave field and with nonlinear Zeeman field modulation, to correlation times throughout this time window (Hyde and Dalton, 1972; Thomas et al., 1976) . Early work also showed that the effects of rotational dynamics on the VЈ 2 signal could be accounted for at a qualitative level via FIGURE 2 Calculated VЈ 2 ST-EPR spectra of a 15 N nitroxide at X-band (top), Q-band (middle), and W-band (bottom) for a constrained URD model. Each panel shows spectra calculated for ⌬ ϭ 1°(solid lines), ⌬ ϭ 30°(dashed lines), ⌬ ϭ 60°(dotted lines), and ⌬ ϭ 90°(dot-dash lines). The spectra were calculated at 50-kHz Zeeman field modulation frequency, ϭ 10 s, ϭ 30°, ϭ 0°, T 1e eff ϭ 5 s, and T 2e eff ϭ 50 ns. The field positions where spectral amplitudes that are sensitive to ⌬ are measured are shown superimposed on the calculated spectra at X-and Q-band, whereas the resonance positions for the external field parallel to the x-, y-, and z-axes of the spin label are shown for the ϩ 1 ⁄2 and Ϫ 1 ⁄2 nuclear manifolds along the field axis. All spectra were normalized so that amplitudes at the ϩz-turning points were approximately equal. The inset defines the angles and that relate the spin-label reference frame to the URD axis.
development of computational algorithms to calculate signals at correlation times in this regime (Thomas and Mc-Connell, 1974; Thomas et al., 1976) . However, given the limited computational speed of computers that were gener-ally available at that time, it was not possible to include sufficient terms in the spin Hamiltonian to permit direct comparison between experiment and theory as a means of extracting dynamics information from experimental data. For example, it was necessary to approximate the A-and g-tensor interactions as axially symmetric and to assume FIGURE 3 Spectral sensitivity plots for VЈ 2 ST-EPR spectra as a function of spin-label orientation relative to the URD axis. The ratios of spectral amplitudes (defined in Fig. 2) are plotted versus ⌬ for four different spin-label orientations at X-band (9.76 GHz, upper) and at Q-band (35.0 GHz, lower) microwave frequencies. The angles used were: (ࡗ) ϭ 0°, ϭ 0°; (OE) ϭ 30°, ϭ 0°; (F) ϭ 60°, ϭ 0°; and (f) ϭ 90°, ϭ 0°. All other parameters were the same as those listed in the legend to isotropic rotational diffusion to accelerate the computations. Consequently, at that time, the analysis of ST-EPR data was limited to estimating effective correlation times by comparison of spectral ratio parameters from experimental systems with those obtained from well-defined model systems such as spin-labeled hemoglobin undergoing isotropic rotational diffusion (Thomas et al., 1976; Johnson and Hyde, 1981; see Hyde and Dalton, 1979, and Robinson, 1989 , for extensive discussions of this approach).
Capabilities for extracting correlation times from experimental data were greatly enhanced by the seminal work of Robinson and Dalton (1980) where a computational algorithm that treated the case of unrestricted rigid-body anisotropic motion and that retained full A-, g-, and D-tensor anisotropy was developed. Though computationally demanding at that time, this algorithm was used to characterize the rotational dynamics of spin-labeled proteins including soluble (Beth et al., 1983) and erythroctye membranebound glyceraldehyde-3-phosphate dehydrogenase (Beth et al., 1981) . With the dramatic increase in computation speed of laboratory-based computers in the past two decades, it became realistic to incorporate computational algorithms into nonlinear least-squares approaches for optimizing the agreement between experimental and calculated data and hence, for testing relevant rotational diffusion models and for extracting rotational correlation times from experimental systems (e.g., Fajer et al., 1990; Hustedt et al., 1993; Wojcicki and Beth, 1993; Budil et al., 1996) . However, for this approach to be successful for analyzing VЈ 2 signals, a computationally efficient algorithm was needed that could calculate a complete line shape in a relatively short period of time and that exhibited high numerical stability so that the optimization of the statistics of agreement between experiment and theory could be determined over a wide range of conditions in an automated way.
For the case of unconstrained URD, which is appropriate for the global motion of freely diffusing integral membrane proteins, these criteria were met by the development of an algorithm based upon the transition rate formalism (McCalley et al., 1972; Thomas and McConnell, 1974) as demonstrated in previous work (Hustedt and Beth, 1995) . By incorporating this algorithm into a nonlinear least-squares routine based upon the Marquardt-Levenberg approach, the rotational correlation time for spin-labeled band 3 in erythrocyte membrane preparations was determined by optimizing the fit between experimental and calculated spectra (Hustedt and Beth, 1995) . Although this work provided evidence that the vast majority of copies of band 3 were undergoing URD about the membrane normal axis (Hustedt and Beth, 1996) of reasonably large amplitude and a rate that was consistent with dimers or tetramers, it remained uncertain whether a constraint to rotational motion might be overlooked in this simple analysis. This concern was based upon the known interactions between the cytoplasmic domain of a subpopulation of band 3 and the membrane skeleton from a wide range of studies (see Low, 1986) and from previous TOA studies that demonstrated a large change in anisotropy decay of the transmembrane domain of band 3 following proteolytic cleavage of the link with the cytoplasmic domain (Nigg and Cherry, 1980) . In this work, a computationally efficient algorithm is reported that models the effects of a restrictive square-well potential to URD on ST-EPR spectra as described in Methods. The motivations for this extension of previous work (Hustedt and Beth, 1995) were: 1) to develop a method that could be used to define the sensitivity of ST-EPR signals to a restriction to URD under a wide range of conditions and that could be used to extract the correlation time and amplitude of rotational diffusion from any system that exhibited constrained URD; and 2) to reanalyze the experimental data from spin-labeled band 3 in erythrocyte membranes as described in Blackman et al. (2001) . The algorithm that has been developed is perfectly general and it can be used to explore the effects of relevant experimental parameters (e.g., microwave frequency, microwave power, and modulation frequency) and relevant diffusion models (e.g., spinlabel orientation, correlation time, and width of the squarewell potential) on spectral line shapes. Although it is not feasible to carry out an extensive survey of the effects of all of these parameters in the current work, the calculations that are described do permit the establishment of some important general conclusions. For example, the data in Fig. 4 show that the absolute sensitivity of the VЈ 2 signal to ⌬ depends on the correlation time for URD, whereas the data in Fig. 3 provide insights into the effects of spin-label orientation on the sensitivity to ⌬. The observation that ST-EPR is most sensitive to small amplitudes of motion is consistent with the work of Howard et al. (1993) using a different model of rotational dynamics. The data in Figs. 1-3 show that the microwave frequency is an important determinant of the magnitude of spectral change that is produced by a restriction to URD. Clearly, this is an experimental variable that can be optimized depending on the correlation time, the spin-label orientation, and ⌬ in most applications. The data in Fig. 5 demonstrate that ⌬ can produce the same range of changes in spectral ratio parameters and, hence, VЈ 2 line shapes, as the correlation time for an unrestricted URD model. However, determination of whether an unconstrained or a constrained model best describes the experimental data should be possible by recording VЈ 2 signals under a number of different conditions (e.g., different microwave frequencies and different modulation frequencies) and then comparing the best-fit statistics for these two models following global fitting of the entire data sets (Beth and Robinson, 1989; Hustedt and Beth, 1995) . The calculations in Figs. 2-4 do raise an interesting general point regarding the utilization of ST-EPR to study the global rotational dynamics of macromolecules. Specifically, relatively small amplitude motions can give rise to substantial spectral effects. This means that any local mobility of the spin label or any local dynamic processes that are faster than the global rotational diffusion will give rise to ST-EPR signals that mimic a shorter correlation time. One way to separate local and global contributions to ST-EPR line shapes experimentally is to immobilize the macromolecule under investigation by increasing the viscosity of the solution or by binding it to an appropriate solid support and then recording the ST-EPR signal when global rotational is greatly slowed or entirely prohibited (see for an example of this approach in linear EPR).
The use of multiple microwave frequencies, including microwave frequencies higher than X-band, has become a routine practice in EPR spectroscopy in the past decade, particularly as a means of analyzing complex dynamic processes (e.g., Barnes et al., 1999) . ST-EPR studies of rotational dynamics at Q-band have been reported previously (Johnson and Hyde, 1981; Johnson et al., 1982) and as shown in Fig. 3 and in Blackman et al. (2001) , this microwave frequency provides higher sensitivity than X-band for observing the effects of constrained URD under some conditions. In particular, Q-band is very sensitive to rotational motions that lead to interconversion of the spin-label x-and y-axes due to the large field separation provided by the higher magnetic field and the g-tensor anisotropy. Thus, for a constrained URD model where the spin-label z axis is aligned with the diffusion axis ( Fig. 3, solid diamonds) , the AЈ/A parameter measured from the Q-band calculations provides excellent sensitivity to ⌬ whereas HЉ/H and LЉ/L at X-band are very insensitive to ⌬. ST-EPR studies of rotational dynamics at W-band have not previously been reported. However, given the increasing availability of EPR spectrometers that operate at W-band, and the capability to calculate VЈ 2 signals at this higher microwave frequency using the algorithm developed in this work, some calculations have been performed to explore the relative sensitivity of the VЈ 2 signal recorded at W-band to ⌬ as shown in Figs. 1 and 2. The calculations presented in Fig. 2 demonstrate that W-band provides very high sensitivity to small values of ⌬ (compare the solid lines (⌬ ϭ 1°) to the dashed lines (⌬ ϭ 30°) at the three microwave frequencies). However, sensitivity to large values of ⌬ (Ն 60°) is not significantly increased relative to the lower microwave frequencies for the URD model shown in Fig. 2 ( ϭ 90°, ϭ 0°) . High sensitivity to small values of ⌬ is also demonstrated by the calculations shown in Fig. 1 . Specifically, the W-band calculation for ⌬ ϭ 1°is noticeably altered relative to the unconstrained URD calculation at a correlation time of 1 ms whereas the X-and Q-band results for these two situations are virtually indistinguishable. Though an extensive survey of the relative sensitivity of W-band to a wide range of experimental parameters has not been carried out to-date, the results presented here do provide indications that ST-EPR studies at this frequency may be of considerable utility in future investigations. In particular, the simultaneous, global analysis of ST-EPR data collected at X-, Q-, and W-bands should provide a powerful means for discriminating among various diffusion models in a wide range of applications in the future.
